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Summary

This study” addresses”thc  performance of four-wheel-steering vehicles in high-speed

lane change maneuvers. We compare the steering commands of an experienced driver

in executing high-speed lane change maneuvers in road tests with those determined
via solving suitably formulated optimization problems. It turns out that the optimal

control determined is qualitatively comparable to the steering commands used by expe-

rienced drivers in road tests. Hence, we can analytically compare the performance of an

experienced driver in executing lane change maneuvers using different vehicles. For a

representative high-speed lane change maneuver, our study revealed that, in the hands

of an experienced driver, the performance benefit achievable with four-wheel-steering

vehicles (using eith-i, an open-loop or a closed-loop control algorithm) is not significant

relative to that achievable with a two-wheel-steering vehicle. This conclusion confirms

road-test results obtained with two production four-wheel-steering vehicles. The con-

sistency between the road:test  results ancl the conclusion obtained from the “optimal

control” approach indicates the potential of the proposed methodology as a tool in

evaluating the performance of clriver/4  designs in safety-related maneuvers.

Keywords: Four-wheel-steering, Lane chan:e  maneuvers, Obstacle avoidance.
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introduction

Four-wheel-steering (4WS) systems for passenger vehicles have been actively stud-

icc{ recently.1  The performance of these systems clepends  largely on how the rear wheels

are controlled as a function of the forward speed of the vehicle, the steering angle, and

other vehicle states. These open-loop or closecl-loop  controllers arc usually clcsigned

to improve (1) vehicle maneuverability at low speed, and (2) straight-line stability (in

cross wind) at high speecl.  IIowcver, the performance of four-wheel-steering vehicles in

collision avoidance maneuvers has not Lcen adequately cvaluatecl.

‘l’his paper compares the performance of 2WS and 4WS vehicles in high-speccl  lane

change maneuvers. TO this end, the dynamical and kinematical moclels of the vehicle  are

first dcrivccl,  together with the steering actuator clynamics. Based upon these moders,

open-loop and closed-loop 4WS algorithms are designed. Next, we compare the steering

colnmancl  of an experienced driver in executing; a high- spcccl lane change maneuver

with that determined via solving an optimization problem. The optimization problem

is formulated with a cost functional that includes the lane change time m well as the

clcsired  conditions of the vehicle both during and at the cncl of the lane change maneuver.

It turns out that the optimal control determined is qualitatively comparable to the

steering commands used by experienced clrivcrs in road tests. Accorclingly,  we can relate

the optimal result obtained with either a 2WS or a 4WS vehicle to the corresponding

performance achievable by an experienced clriver,  using the same vehicle to execute an

identical lane change maneuver. In this way, we can analytically determine how well

cxpcriencec{  drivcr~jan execute collision avoidance maneuvers using either a 2WS or a

4WS vehicle.

Vehicle Dynamics Model

Consider a vehicle moving over a flat ancl level  roacl  surface (Fig. 1). Whe~i

the forward speecl,  U, is kept constant, this vehicle model has two-degrees-of-freedom

represented by the side velocity v and the yaw-rate r. The side velocity v, defined at

the vehicle’s center of gravity (e.g.), is that component of the vehicle velocity vector

that is perpendicular to its axis. The cornering forces acting on the front and rear

axles are

relatively

denoted by F’j and F,, respectively. .Apart  from these forces, there are the

small aligning torques, camber angle effects, etc. that are neglected in our
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study. Accordingly, the ccluations of motion arc

A“’.(ur  + i) = Ff -t 1’,, (1)

Izz+ == a~f –  b>), (2)

where a and b clefinc  the locaticm of the vehicle’s e.g. between the axles, and Ms and

I’zZ denote the mass and the yaw moment of inertia of the vehicle about  the z-axis,

rcspcctivcly.  The pitch and the roll dynamics of a vehicle do not significantly aflcct its

clircctional  behavior. They arc ncglcctccl  ixi this simplified analysis.

‘1’he lateral force produc.cd by a tire is proportional to the tire slip anglcj which is

the angle bctwccn  the direction of inotion  allcl the center-plane of the tire. Accordingly,

wc have
*%

.

1’} == –2c*, crf, F. = –2c&rcYr, (3)

kmwhere  Ca, and  C*, clenote  the cornering stiffncsscs  of each front ancl rear tire,

respectively. The cornering stiffness of a tire is the ratio of the produced lateral (or

cornering) force by its slip angle. !l’hc slip angles af and or

t]lc fol]owing  kincmatica]  re]ations

v-lar
-- f5f ,

v -- h
Qf =-. -. —.... __ QJr z,, ——  ——— -..

u u

are given respectively by

61, (4)

where c$f and Jr denote the front and rear tire angles, respectively. Combining equations

(1) through (4), wc have

2( G?Ca, + b2ca, ) ~ +. 2(aC&
IZ * i -1 ---- ----- ~—-------- ‘ / – bC@r );- == 2aCtij  6f -- 2bCor $,,

2(aG’a, - bC’ar )
(5)

M,?-1 + (M. u +- -------”- -u----- —--)r +- 2(c’a, + C’ar ); == Wa,tif + 2caF6r .

In our study, the above moclel is augmented with the following first-order actuator

dynamic models

Tfij + ~f =- 6fc , Tr6r + Jr ‘- 6rc , (6)

IIcrc 6fC and 6rC are commands to the front and rear actuators, respectively. In (6),

Tf and Tr are the time constants of the front and rear actuators, respectively. ?n our
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stucly, we assumed that the bandwidth of these actuators, for evasive maneuver scenarios

(vehicle speed z 100 /h, lateral acceleration > 0.6g, ancl steering wheel speed > 500

cleg/see) is 4 Hz.

in addition to these dynamical equations,

used to compute the resultant trajectory of the

?j ,- r,

the following kinematical relations are

vehicle:

With

to an

rcferencc  to Fig. 1, (z,y)

arbitrary r-efcrcnce,  and

i = Ucos  I/) -- vsin~>, (7)

y z: u siI-1 I/) + v Cos ?/).

is the rectilinear coordinate of the vehicle’s e.g. relative

@ is the angle the vehicle’s axis macle with the x~ax~s,

positive in the clockwise direction (Fip;.  5).

I’aramcters  for typical passenger vehicles may be found in Iief. 2. In Ref. 2, we usc

a== ].2 m, b= 1.6 m, Izz =. 22oO kg-m2, &f$ == 1700 kg, Co, = 960 iV/deg, and C’~r ==

1100 N/deg.  ‘I’he validity of the above described linear vehicle model begins to deteri-

orate in maneuvers that exhibit lateral acceleration in excess of 0.3 g’s. Unfortunately,

high-speed lane change maneuvers, to bc studied here, are characterized by lateral ac-

celeration  levels as high as 0.6 g’s. However, the situation is rnitiga.tccl  somewhat by the

fact that these high-g conditions only lasted for a short time. Hence, wc will continue to

usc this model in our study, but will make adjustments to the cornering stifhesscs  of the

front and rear tires so that responses obtained using; this model match reasonably well

with those found f~om field tests at
- ,-

cannot be used to study emergency

To do that, a nonlinear rnodcl that

3).

up to 0.6 g’s, Obviously, this linear vehicle model

maneuvers that lead to spin-out and/or roll-over.

includes tire saturation effect must bc used (Ref.

Dased upon the above described model, we can design 4WS algorithms to augment

the lateral stability of the vehicle at high speed. q’o this end, we consider the following

representative open-loop and closed-loop 4WS algorithms.

Open-loop ant{ C,losec!-loop 4WS Algorithms

4WSN  Algorithm This is an open-loop algorithm suggested by Nissan hfotor  Con~-.———— ..— . ..-— ——.
pany. Using a vehicle model, a speed-dependent ratio between the rear and front wheels
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is computed in orclcr to achicvc  zero steady-state siclc velocity: 6rC/8fC  == J<N(u) ,

w]lcrc  U is the forward speed of the vehicle. The function KN can be easily computed

by equating the terms J, +, an d v in (5) to zero, and solving for the resultant ratic}

of rear to front steering angles, lhc results indicate that the rear wheels are steered

out-of-phase with respect to the front wheels at low speed, and in-phase at high speed.

For example, 6rC/&~C L -0.39, -10.00, and -1-0.36 at 40, 60, ancl 100 km/h, respectively.

At high speed, in-phase steering of the rear wheels generates lateral forces that

counteract with those produced at the front, and the response time of the vehicle’s yaw

rate will deteriorate, Additionally, while the side velocity approaches zero in the steady

state, its transient value is larger and in the cy)positc  direction relative to that produced

by a 2WS vehicle, This is

alleviated by delaying the

IIcrc,  Tr) is the delay time

hydraulic servo system in

disconcerting to the driver. These problems can be par~ip,lly

execution of the rear wheel commancl  by a short time:l
.

&C(t) =“ ~<N(U) 6~C(t  - ~~)) . (8)

and is iteratively clctermined  to be 0.08 seconds. An electro-

conjunction wit h a microcomputer were used to implement

such an algorithm in Ref. 3. ‘l’he scn sors used in the system include the front and rear

steering angle sensors and a vchi cle velocity sensor. Numerous other simple  open-loop

algorithxns have also been suggested.4

4WSY Algorithm This is a simple closed-loop algorithm with feed-through of the front- . . .. —_.._ .—. —.—. ______ . . . . . . .
steering command and feedback of the vehicle’s yaw-rate

-, 1 + TIS- ,. 6rc ‘= ---K..(U) [Y~;(u)6jc - (j..i:72i)  r ] (9)

The fu:lction  YG(U) is a speed-ciepcndent  yaw velocity gain of the deg2tVS  vehicle (pig.

3). The (1 -t 71s) is a “lead” tcrl~i  (T1 = 0.01 sccoxicls),  and 72 is the time constant of a

low-pass filter that is used to “clean up” the noisy signal from a yaw rate gyroscope (71

s 0.005 seconc{s). The  speed-dependent feedback gain K~C is selected a-s a compromise

among the transient responses of the vehicle’s yaw-rate, lateral acceleration, and steering

rate (driver workload). For simplicity, we used a constant value of KrC == 2.5 /(deg/see)

at all vehicle speeds. In addition to the needs of having sensors for the steering angles

and vehicle velocity, this closed-loop algorithm also recluires the use of a gyroscope to

measure the vehicle’s yaw rate. Other closed-loop algorithms have also ,been  proposed.s
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Steady-state and Transient I’crformances  of 2WS and 4WS Vehicles

Two 4WS algorithms, 4WSN and 4WSY, were designccl  and studiecl.  The lateral

acceleration and yaw velocity gains for the 2WS,  4WSN,  and 4WSY vehicles a-s functions

of vehicle speed are compared in Figs. 2 and 3, respectively. These gains are clefined

as the steady-state values of the vehicle’s lateral acceleration (at the vehicle’s e.g. ) and

yaw rate, pcr each clegrcc of front tire angle, respectively. ‘1’hc ratio of the vehicle’s

steady-state lateral acceleration to the steering wheel angle is also callccl its steering

sensitivity or control gain. Note that the steady-state gains for the 2WS and 4WSY

vchiclcs  arc identical because the 4WSY algorithm, like the 2WS vehicle, produces no

rear-steering angle in the steady state. ‘I’hose for the 4WSN vehicle are cliflcrcnt because

of the nonzero  steady state rear steering angle. -. .

‘l’he lateral acceleration gains AG(U)  c)f both the 2WS (and 4WSY) and 4WSN

vehicles increase with vehicle speed, approaching a filiitc value, 1/1{, wlien the vehicle

speed becomes very high. Here K is the unclerstecx  coefllcient  of the vehicle. From Fig.

2, wc see that steering the rear wheels of a vehicle in-phase with the front ones causes a

drop in the lateral acceleration gain (or an increase in the understecr  coefficient), This

is ulidesirablc  since the driver will have to turn through a larger steering angle (relative

to a 2WS vehicle) in order to generate the same level  of lateral acceleration.

The yaw velocity gains I+;(U)  of both the 2WS (and the 4WSY)  ancl 4WSN vehicles

increase and then decrease with the vehicle speed (Fig. 3). These gains reach their

maximum values at their characteristic speeds (N 100 and 40 lml/h for the 2WS and

4WSN car, respcctiygly).  Since the value of a vehicle’s lateral acceleration gain R 1 /2K

at its characteristic speccl,  the approximate undcrstecr  coefficients for the 2WS (and

4WSY)  and 4WSN vehicles are 1.9 ant{ 5.2 cleg/g  respectively (Fig. 2). .4t speed higher

than 60 km/h, the yaw rate gain of the 4WSN vehicle is lower than that of the 2WS

vehicle clue to the in-phase steering of the front ancl rear wheels.

Transient responses of the 2WS, 4WSN,  and 4WSY are depicted in Figs. 4 ancl 5.

In Fig. 4, the yaw rate responses of these vehicles to a “step” front wheel command

(6,.)  at 120 km/h are comparecl. Since a true steering step is physically impossible, the

steering command is ramped  to its steady-state value (x 0.5 deg) over a time period of

0.15 seconds. Relative to the time response of the 2WS vehicle, those associated with

the 4WSN and 4WSY are better damped with smaller overshoot and shorter settling
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time. ‘1’he percent overshoot (MP ) and 90$K0 rise-time (7;) of these vchiclcs’ yaw-rate

and lateral acceleration responses at a forward SPCCCI  of 120 km/h are tabulated in Table

1. From that table, we observe that both the 4WSN and 4WSY vchiclc can provide

an improvement in the directional

of the 4WSN vchiclc  is very C1OSC

vehicle is significantly better.

stability of the vehicle, The yaw rate response time

to that of the 2WS  vchiclc  while that of the 4WSY

‘J’able 1.
, .._-... -.

‘Criterion

Id”-””--”--”---”_” -----””------– -.--.__xP__@’)  [~1— .——— .
T’r (see) [7s]

&fp (%) [ayy].— —.—— . .. ———. —.. .—.. — . . -—. —.— .
‘r (See) ~~11 . . . . ..— .————. .

Vehicle Performance at 120 km/h

. . . .. ——. — . . . I 1.—. . —. —.——. .- -.. — .—— —- —— . . ——-——-—— .- ——-.
3 4 10 .. .

. . . . . . . ..–1 ______ . . . . ..—.-.  ._ —-

Performance of Driver-Vehicle System

The performance of a driver-vehicle system

in

in

~Jane Change Maneuvers

collision avoidance maneuvers is

difficult to evaluate because one must take both the vehicle’s directional characteristics,

as WCII as the limitations of clrivcr  responses, into consideration. of the multitude of

collision avoidance scenarios that cmc can envision, wc have constructed for our study

the following “rcprcscntative”  scenario (Fig. 5 illustrates the scenario considered) which

a driver might encounter at any time on the highway. Other collision avoidance scenarios

that had been studied  in the literatures dcgcan  be found in Refs. 3, 7, and 8.

.4s depictccl  in Fig. 5, a vchiclc is traveling at a constant speed on a straight

two-lane roadway when an object clashes into the vchiclc’s path and stop. Driver re-

actions when faced with such an emergency typically involvecl  first a delay time, then

an application of the brake, and finally the turning of the steering wheel in attempting

to avoid the obstacle. A reaction time, on the order of 0.3 to 0.4 seconds between the

appearance of the obstacle and the time the driver begins to respond has been quoted

in the literature.G~9’J0 Braking is commonly used in these situations to decelerate the

vehicle. This by itself is rarely sufflcicnt,  and the vehicle must be quickly and skillfully

steered to a neighboring lane to avoicl the c)bstacle. At times, drivers who are surprised
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by the suclclen appearance of ari obstacle turn the steering wheel so abruptly that their

vehicles go out of control or collicle  with cars in neighboring lanes.

In our study, we focused attention on the performance of a driver-vehicle system

associated with the “steer-to-avoid” strategy rather than the “brake-and-stop” strat-

egy.  Road tests of constant-speed lane change maneuvers were conducted using both

cncpcriencecl  and inexperience] drivers, 6J9 ‘1’ypical time histories of the steering wheel

excursions recorded in road tests are given in Fig. 6. As clepictecl,  the initial stcer-

ilig commands generated by both driver groups are surprising similar. ‘J’he maximum

steering angles ancl the steering rates for both driver groups are on the order of 200

clcgrecs  and 800 /see, respectively. This maximum steering angle generally corresponds

to a steering excursion that can be turned with both hands on,the  wheel (Ref. 9).-l’he

initial steering command must be followed by an almost “equal- and- opposite” steeriljg

in order to arrest the diverging vehicle’s heading angle ancl return it back to the desired

straight-ahead hcacling. Again, there arc only minor differences between the recorded

steering commands from the two driver groups.

In this study, wc conjecture that driver steering commands in a lane change ma-

neuver consist of a reflexive phase followed by a regulatory phase (Fig.  6). Since most

drivers are aware of the inlportalice  of executing the steering command as quickly as

possible, their dependency on visual fecclback during the reflexive phase of a lane change

maneuver will be relatively low. Insteacl,  based on their estimates of the vehicle speed

and lateral displacenlent  needed to avoid the obstacle, a series of well-learned steering

commands will be ~xecuted  in “open-loop. ” At the end of the reflexive phase, the ve-

hicle has been displ~ced  approximately the clesired  lateral displacement ancl has almost

the dcsirecl  straight-aheacl  heading. IIowevcr,  additional steering adjustments are still

Iicecled to ‘(zero” out small residuals in the vehicle’s yaw rate, side velocity, and head-

ing angle in the ‘Regulatory” phase. In this phase, an experienced driver will use his

estimate of the vehicle positioning with respect to the roadway to generate small closcd-

loop steering adjustments to nullify the residual rates. Inexperienced drivers tend to

‘(over correct” in the regulatory phase with large and oscillatory steering commands,

leading to a relatively long “settling time.” The distinction between the open-loop and

closed-loop phases of lane change maneuvers has also been mentioned in Ref. 10.

The above described results were obtained with a conventional 2WS vehicle. The
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performance of a driver-4WS vehicle system in a similar lane change maneuver might

be clifl’ercnt,  To study that, a 8-dof vehicle model was coupled to a driver model  in Ref.

8. ‘l’he lane change performance of 2WS and 4WS  vehicles (with both open-loop and

closed-loop 4WS algorithms) are then analytically compared. Results obtained indicate

that a 4wS vehicle (with a closed-loop yaw rate-feedback algorithrn)  has the best lane

change performance among the three vchiclc configurations studied.

A drawback of the approach taken in Ref. 8 is the fact that the driver model used

was one clcvelopcd  for conventional 2WS vehicles. ‘.o use it to study and predict the

performance of a driver-4WS  vehicle systems might not be suitable. This shortcoming

also points to the urgent need to develop reliable driver models that can bc used with

4WS vchiclcs  (Refs.  10-12). Before  these reliable driver models arc available, wc consider

the following approach to analytically study lane change maneuvers.
.

C)ptirnal  Vehicle Control in A Jiane  Change Maneuver

The steering control used, by an cxpcricnccd  driver in the reflexive phase of a lane

change maneuver can also be estimated via solving a dynamical optimization problem.

RefI’o  this end, we must augment the clynamical  and kinematical equations of the vehicle

(5-7) with a driver neuromuscular model. This is typically a critically damped second-

orcler dynamic moclel, but for simplicity, we use the following first-order model in this

study:

b A
TnL6fc  + 6fC == G1{~’s/Ns  == ~driver . (lo)- . .- . .

Here, Gy, (radian/Nm)  rcprese]its the steering angle to wheel torque gain, 7L (Nm)  is

the steering torque command from the driver, and N$ is the ratio between the angular

excursions of the steering wheel to the front tires (Ns = 15). Collectively, the term on

the right-hand-side of (10), 6d~iV.,,  represents the stecrin:  com:nand  from the driver to

the front steering actuator. The bandwidth of the driver response depends in part on

the available power assist, ancl is assumed to be 2 HZ in our study. ]2

A dynamical optimization problem can be formulated as follows: Determine the

control time history of 6driV~r.  to bring  the vehicle from its initial to final state while

minimizing a cost functional J. Here, the “states” of the driver-vehicle system consist

of yaw rate (r), side velocity (u),  front tire angle (c$f), front tire angle command (6~C),
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heading angle (@), lateral displacement (y), ancl the longitudinal clisplacement (x),

Ixnmediately before the driver’s response, the vehicle is ixi its straight ahead cruising

condition. Hence, the initial conditions of all the variables are zero. To avoid the

obstacle, the vehicle must bc displaced a lateral distance D as soon as possible, lIence,

the end condition of y is D. Additionally, it is desirable to return the vehicle’s yaw rate

and side velocity back to zero at the end time.

A candidate of the cost functional J is:
,-!

1 J:)’+ (3:;)’d-($;)’1Ffl- ;J’J =- VV+j+$(4N [(;:; )’+($C:-)’I (;:). (11)

The first term in (11) accounts for the driver’s overwhelming clesire  to com~kte

the lane change as quickly as possible. ‘~he end-tin~c  of the maneuver, T, has been

llOrlllaliZed  with respect to a llOIllillal timC ~’N (== 1 ScCOnd)  to make it dimclision-

lCSS,  q’he parameter Wq determines the relative importance of the maneuver time

versus vehicle conditions both at the end time and during the course of the lane change

maneuver (to be described next).

The subscript “1’” in the sccolid

df, and 6jC at ?. Looking at (11), it

back to “zero” as closely as possible at

compo~ient  of J denotes the conditions of @,

is clear that wc wish to return ~, df, and 6fC

the clld time,  Again,  these variables have been

norlna]ized  usillg their %ominall  y accept able” values. ‘J’hc nonlinally  acceptable values

of @, d~, and c$fc at the end-time are two degrees, If the vehicle’s heading angle at the

end time is below two  degrees, the contribution of the term [ $~]’ in J becomes small,

a]lcl vice versa, Additionally, the steering coxltrol  must also ensure that the lateral

acceleration experienced by the driver (aYV ) ancl the time rate of change of the steering
.

wheel (6jC) are kept below reasonable levels during the maneuver. ‘l’he acceleration and

steering rate terms are related to the driver’s comfort and workload, respectively. They

are ‘{normalized”  using aYU N = 0.18g’s  and $tC,V == 135 deg/sec (dividecl by the steering

ratio lV.S).  The driver contrc)l  6d~ivcr  is to be c>ptimally  determined to achieve the best

tradeoff between these conflicting requirements.

For a given WI,,  the control ddriver, which minimizes J, can be numerically deter-

mined using, for example, the Combined Parameter and Function Optimization Algo-

rithm (CPFA) described in . 13. The optimal steering command for a 2WS vehicle,
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obtained with W~ == 15, U == 60 km/h, and D =- -3.6 m is depicted in Fig. 7. The

selected values of U and D reflect the conditions of the actual roacl test. The  selected

value of W7, leads to a lane change maneuver time of 1.9 seconds, very C1OSC to the time

found in the actual road test: delay time = 0.4 secoxids,  and encl  time = 2.3 seconds

(Fig.  6).

With reference to Fig. 7,

itativcly  very well with that

the computed optimal steering cc)mmand co~i~pares qual-

f ound  wi th  experienceci  clrivcrs  in roacl tests.  only a

qualitative comparison should bc made here because the vehicle usecl  in the roacl  test

is not the same as that used in our stucly (lack of data on both the vehicle and the

tires used in Ref. 6 prevented us from using that car in our study). These vehicles have

cliffcrent  steering sensitivities ancl steering ratios. As such, the initial steering *he&el

excursion made in the road test, on the orcler  of 200 degrees, is more than cloublc that

founcl here. Otherwise, these steering commancls  closely resemble one another.

Itcsu]ts  ancl Discussions

‘J’his “optimal control” approach can thus bc used to study and compare the per-

formance of an experienced driver i~i executing a lane change maneuver using either

a 2WS or 4WS vehicle, Results obtained for a 2WS vehicle, at a highway speed of

120 km/h and D == -3.6 m, arc ccm~pared  with those found with 4WSN ancl 4WSY

vchiclcs  (Figs, 8 and 9, respectively). In Fig. 8, we note that the vehicle’s trajectory

obtained with the 4WSN vehicle is comparable with that found with the 2WS vehicle.

Throughout the maneuver, the heading angle of the 4WSN vehicle is slightly lower than
- ,’

its 2WS counterpart due to the improvecl damping in the 4WSN’S  yaw mode. However,

ixi-phase  steering of the rear wheels causes an increase in the 4WS.N vehicle’s undcrstecr

coefficient (or a drop in the steering se]lsitivity).  Ilcnce,  larger stcerilig  commands were

usecl by the 4WSN  vehicle relative to those usecl with a 2WS vehicle. The increased

steering command and steering rate cause an undesirable increase in the driver work-

load. In contra.+,  we note in Fig. 9 that the vehicle’s steering command obtained with

the 4WSY vehicle is lower than its 2WS vehicle’s counterpart, producing a desirable

reduction in the driver wcmkload.

l’he magnitudes of the cost

conditions, for the 2WS,  4WSN,

functional 3, lane change time T, anti other vehicle

ancl 4JVSY vehicles, arc tabulated in Table 2. Note
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that the magnitudes of the cost functional obtained with the 4WSN ancl 4WSY vehi-

cles arc smaller than that of the 2WS vehicle, but the differences are not significant.

The lane change time and the Root-Mean-Square (RMS) values of the vehicle’s lateral

acceleration (GUV  ) obtainccl  with these three vchiclcs  arc very close to one another. The

smaller cost functional associated with the 4WSN vehicles come from its smaller heacl-

inp; angle ancl tire angle founcl  at the end of the rnancuvcr. On the other  hand, the

cost functional of the 4WSY vehicle comes from its smaller tire angle at the end time

as well as the lower transient steering rate. The smaller tire angles achieved with both

the 4WSN and 4WSY vehicles will make it easier for the driver to nullify them in the

‘trcgulatory”  phase of the lane change maneuver

Surprisingly, our study indicates that the performance benefit achievable with four-

wheel-steering vehicles (using either the 4WSN or 4WSY vehicles) in high-speed lane

change maneuvers is not significant for cxpcricncecl  clrivcrs. This is a surprising to us

because previous research has concluded that driver/4WS  vehicle systems (with either

an open-loop or a closed-loop control law) performed better than clrivcr/2WS  vehicle

systcrns  in collision avoidance maneuvers. 8 However, this favorable conclusion which is

derived from a sim~lation  study, is not sharccl by the conclusions of other simulation

studies ] 7 or “on the road. ”

In comparing road-test results obtained with both the 2WS and 4WS of a 1987

production vehicle model, the editors of Road 8 Track  commented: “... The 4WS does

not make itself apparent until the car is pushed quite hard, above, say, 0.8 g’s. . ..the

difference becomes obvious in the slalom. The 4WS is more than 1.0 mph f~ster.” 14

That is, the slalom speeds achievable with the 4WS and 2WS vehicles are 65.5 and 64.5

mph, respectively, a rather small difference. The editors of Car f?~ Driver  macle  the

following comments on the same car: “... In two days of over-the-road experience with

both the two-wheel-steering and four-wheel-steering vehicles, two Ca~ & Drive~  editors



simply could not detect any hanclling differences between them. ” 15 Similarly, comments

rnac{e  on another 4WS production vchiclc  rnoclcl arc: “... At speed, lane-change nmncu-

vcrs don’t feel different enough to get your attention.”] 6 (However, the author noted

the improved performance that that vehicle model offered in fast cornering. ) Results

obta.inccl from our study are therefore consistent with those obtainccl  from road tests.

l’rom Table 1, wc observe that the response time and damping characteristics of the

4WS vehicles are better than those of the 2WS vehicles. Clearly, our study indicates that

‘timprovecl’)  open-loop performance of 4WS vehicles does not necessarily leacl to better

lane change performance for experienced drivers. This mediocre correlation between the

open-loop data and the performance of driver/vehicle systems in lane change maneuvers

hm also been observed in Ref. 7. ‘1’hereforc, in designing coritrol algorithms for 4W.S

vehicles, one should not rely completely on open-loop performance analysis. Instead,

promising algorithms from open-loop analyscx should be iterated/nlodif  iccl in a “driver-

in-the-]oop” environment. This can bc done either

simulator.7

Conclusions

via road tests or using a clriving

‘J’he steering command used by an experienced clrivcr  during the reflexive phase of

a high-speed lane change maneuver ha-s been found to be comparable to that obtained

via solving a suitably formulated c}ptimal  control problem. This finding allows us to

compare the performance of an cxpcricnccd  clriver  in lilaking a lane change using either a

2WS or 4WS vehicle. For a rcprescntativc  high-speed lane change maneuvers, our study- ,.
revealed that, in the hands of an experienced driver, the performance benefit achievable

with four-wheel-steering vehicles (using either an c)pcn-loop  or a closed-loop control

algorit]llll)  is not sigllificant re]ative to that with a two-wheel-steering vehicle, This

conclusion confirms road test results obtainecl on two production four-wheel-steering

vehicles. The consistency between the road test results and the conclusion obtained from

the “optimal control” approach indicates the potential of the

a tool in evaluating the performance of driver/4WS clesigns  in

References

1. Fukunada,  Y,, Irie, N., Kuroki,  J., and Sugasawa, F.,

13

proposed methodology as

safety-related maneuvers.

“Improvecl  Handling and



2.

3.

4,

5.

6.

7.

8.

9.

10,

Stability Using Four-Wheel-Steering,” The 11’~ International Conference on Ex-

pcrirncntal  Technical Safety vehicles, Washington, D. C., May 12-15, 1987.

Allen, R. W., “Stability and Performance Analysis of Automobile Driver Steering

Control,” SAE 820300, 1982.

Allen, R. W., “Performance and Safety Considerations in Automatic and Four

Wheel  Steering Control Laws,” IVHS America, Washington, D. C., pps. 269-276,

April 14-17, 1993.

Takiguchi,  ‘1’., Yasuda, N., l“urutani, S,, Kanazawa,  H,, and Inoue,  H., “lnlprove-

ment of Vehicle Dynamics by Vehicle-Speecl-  Sensing I?our-Wheel Steering System, ”

SAl? 860624, Detroit, Michigan, February 24-28, 1986. . .
.

Lee, A. Y., “Vehicle Stability Augmentation Systems Designs for Four Wheel Steer-

ing Vehicles, ASME Journal of Dynamical Systems) Measurements ancl Control,

Vol. 112, No. 3, pps. 489-495, Scptenlber  1990.

Maeda,  ‘l’., Irie,  N., Hidaka, K., and Nishimura,  H., “Performance of Driver-Vehicle

System in Emergency Avoidance,” SAE  770130, Detroit, Michigan, pps. 518-541,

1977.

Reichelt,  W., “Correlation Analysis of Open/Closed Loop Data for Objective As-

sessment of Handling Characteristics of Cars,)’ SAE 910238, SAE Journal of Pas-

senger Cars, Vol. 100, pps, 375-384, %ction 6, 1991.

Xia, X, and ~~, It. H., “Nordinear  Analysis of Closed Loop Driver/Automobile

Performance with Four Wheel Steering Control,” SAE 920055, SAE Journal of

Passenger Cars, Vol. 101, Section 6, pps. 77-92, 1992.

Araki, K. and Matsuura,  Y., “Driver’s Responses and Behavior on Being Con-

fronted with a Pedestrian or a Vehicle Suddenly Darting Across the Road,” SAE

900144, International Congress and Exposition, Detroit, Michigan, February 26-

March 2, 1990.

MacAdam, C. C., “Development of Driver/Vehicle Steering Interaction Models for

Dynamic Analysis,” US Army Tank-.4 utomotive Command RD&E Center Techni-

cal Report No. 13437, December 1988.

14



11.

12.

13.

14.

15.

16.

1.7.

MacAclam,  C. C., “I)evclopmcnt  of Ilriver/Vchiclc  Steering Interaction Models for

Dynamic Analysis,” Final Technical Report, UMTR1-88-53,  TACOM Contract

DAAE07-85-C-R069,  Ilcccmber  1988.

Modjtahcclzadch,  A. and Hess, R. A., “A Model of Driver Steering Control Behav-

ior for Use in Assessing vehicle  Handling  Quality,” Journal of Dynamic Systems,

MeasureIilcllts,  and Control, Vol. 115, pps. 456-464, September 1993.

I,cc, A.Y. and 13ryson,  A. E., Jr., “Neighboring Extrcmals  of Dynamic Optimization

Problcrns  with Parameter Variations,” optimal  Ccmtrol Applications ancl Methods,

Vo]. 10, ppS. 39-52, 1989.

“lIonda  Prelude 2.0 Si: Honda Steers into the Future - With All Four Whec4sJ”

Road & Track, Vol. 38, No. 12, pps. 54-58, August 1987.

“Honda Prelude Si 4WS: It Will Never steer You Wrong,” Car and Driver, Vol. 33,

No. 2, ppS. 40-45, August 1987.

Karr, J., “Mazda 626 4WS: It Won’t Steer You Wrong,” Motor ‘fiend, Vol. 40,

No. 9, pps. 58-62, %ptcmbcr  1988.

Nalecz, A. G., and }3indcmann,  A. C., “Hanclling  Properties of Four Wheel Steering

Vehicles,” SAI!I 890080, Detroit, Michiga~],  1989.

Acknowleclgments
- ,.

‘1’hc research d;scribccl  in this paper was conducted at the Jet Propulsion Labo-

]:atory,  California Institute of ‘1’cchnology,  under a contract with the National Highway

‘1’ra.fflc  Safety .Aclministration. The author wishes to thank his colleagues at JPI,,  in-

cluding J. Garba,  D. C~riffln,  A. Kanncr,  M. Koffman, ancl A. Marriott for many helpful

cliscussion.s  and valuable suggestions.

15



F;
Rear Tire
velocity Vector

t - -x

v.
Y

m-*
Ci’j

‘f Front Tire
Velocity Vector

* .
.

Fig. 1 Schematic of A Vehicie Handiing  Modei

- .,
-<



Fig. 2 Variations of lateral acceleration gain with vehicle speed
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Fig. 3 Variations of yaw velocity gain with vehicle speed
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